Abstract. The highly prolific Finnsheep (F) has been exported to more than 40 countries around the world to improve the reproductive performance of local breeds through crossbreeding. The infusion of one-half F into local breeds results in a substantial improvement in all reproductive traits with net reproduction (lambs weaned/ewe mated) being increased by about 25 % in the British Isles and Western Europe and by up to 70-100 % in New Zealand, South Africa and the USA. Heterosis for litter size at birth has been low or negligible in a number of crossbreeding studies involving F.
Introduction
The Finnish Landrace or Finnsheep (F) is renowned for its prolificacy and produces an average litter size (LS) at birth of 2.6 lambs in Finland (27) . Because within-breed selection to improve LS and overall reproductive performance in sheep is slow (1 -2 % per year), many countries have imported highly prolific breeds of sheep such as F and Romanov to improve the reproductive performance of local breeds by crossbreeding. Maijala (38) reported that over 40 different countries have imported F since the Animal Breeding Research Organisation in Scotland first did so in 1962.
A number of comprehensive reviews of the performance of F and F-crosses in many different countries have already been written (e.g. 1, 2, 6, 16, 26, 28, 38, 40, 43, 44, 66) . This review will concentrate on experiences with F-crosses in temperate climates, drawing on publications from North America, Western Europe, South Africa (S.A.) and New Zealand (N.Z.) Particular emphasis will be placed on the overall productivity of F-crosses including not justreproduction, but growth and carcass production, wool production, lifetime production and longevity and overall biological and economic efficiency. Of particular interest to the author of this review are the problems associated with integrating a highly prolific genotype into extensive, lowcost, sheep production systems such as those in N.Z.
Reproduction
The reproductive performance of first-cross (FI) F ewes relative to the local breeds in the USA, the British Isles and Western Europe was summarised by Maijala (38) and is shown in Table 1 . Similar information from N.Z. and South African trials are also included in Table 1 . The relative reproductive performance of FI Finn-cross ewes does vary around the world, due presumably to different environmental and management conditions and the productive level of the breeds against which they were being compared.
Despite this variation there is clear evidence in Table 1 that infusion of one half F into the local breeds results in a substantial improvement in all reproductive traits with net reproductive performance (i.e. lambs weaned/ ewes mated) being increased by about 25 % in the British Isles and Western Europe and by up to 70-100°7o At least part of the superior reproductive performance of FI-ewes documented in Table 1 could be due to heterosis (H). In a FMerino reciprocal crossbreeding study little or no FI was found for LS at birth (35) . The conclusion that the high LS of F is transmitted additively to its crossbred progeny is supported by a number of studies (e.g. 6, 38, 66) . This conclusion does not necessarily hold for other reproductive traits and significant H has been reported for post-natal lamb survival in F-crosses (e.g. 66) . Positive heterosis estimates for LS have been reported in F-Galway crosses (26) and F-lle de France crosses (65) . The potential pitfalls in estimating H for threshold, categorical traits are discussed by Land et al. (35) . Similarly, Hankahan (26) highlighted the experimental complications in making breed comparisons for ovulation rate (OR) or LS when body weight-fecundity relationships vary across breeds and crosses, as they did in F, Galways and Fingalways (FGalway crosses). Both Hankahan (26) and Visscher (65) obtained different H estimates depending on whether estimates were based on a FI minus midparent comparison or 2x (FI -F 2) comparison. This has implications for breed utilization which will be discussed later. Under management conditions where neither fertility or lamb survival were optimal, the importance of both fertility and postnatal survival in determining number and weight of lambs weaned per ewe joined was clearly identified. Their results also demonstrated that the different reproductive traits may have quite different weightings in an optimum selection index, depending on the management and environmental conditions. These relationships are important when assessing the optimal way to utilize F.
Early sexual maturity
A notable, and well-documented, feature of the F and F-crosses is its early sexual maturity. Both ewe and ram lambs are routinely used for breeding at 6-B months of age in Finland and fertile matings of ewe lambs have occurred at less than 4 months (40) .
The reproductive performance of F and Fcross ewe lambs is summarised in Table 2 from six of the larger, more definitive studies that have been reported. In all these studies F-crosses were clearly superior in fertility, LS and net reproduction to all the different breeds or crosses against which they were compared. In some crosses and in some environments, the high LS of the F-crosses resulted in lower lamb survival than the standard indigenous breeds.
Much of the variation among breeds or crosses in reproductive efficiency in ewe lambs can be attributed to the known large breed variation in both age and weight at first oestrus (20) . In most studies, the F or F-cross have shown the earliest age at first oestrus and lower weights at puberty (e.g. 16, 35, 41,52).
Some exceptions have been reported including slightly lower age at first oestrus in Dorset crosses than F-crosses (10) and a 3-week earlier age at conception in ewe lambs in Romanov crosses than F crosses (64) .
Male Fertility In addition to the early maturity of F rams, they have shown higher libido and mating capacity than the Scottish Blackface (34), Merino (35) «nd Suffolk (56) . The motility, density and proportion of live sperm in the semen of F rams did not differ significantly from those of the Scottish Blackface (34) .
Growth and carcass traits
While there is no doubt about the prolific characteristics of F, considerable discussion has been evoked about the growth, conformation and carcass attributes of the breed. Com- (38) review. This study is, however, one of the more detailed reports on carcass quality and carcass composition. The data from F crosses clearly demonstrate that there are no major detrimental effects of the 1/2-F ancestry on carcass weights, carcass cutability, carcass composition, tissue distribution or eating qualities. Flowever, both the purebred F and the F crosses had a lower carcass classification under the Canadian system than the purebred Suffolks and hence a lower commercial value. A similar result was reported by Boylan et al. (7) for F crosses in the American carcass classification system. However, carcass classification based on conformation did not reflect the carcass composition, cutability, tissue distribution or eating qualities in this study. This conclusion is supported by many other studies and applies both within breeds and across breeds (e.g. 32, 33) .
A strong case can be made for basing carcass classification systems which affect payments to producers on yield of red meat rather than subjective, visual conformation assessments. Fahmy (22) reported a study where growth and carcass traits were evaluated for the DLS breed (Dorset -Leicester-Suffolk) and six of its crosses with F rams ranging from 1/8 F to 6/8 F. Entire ram lambs were slaughtered at about 43 kg liveweight. The only carcass traits which showed a significant linear trend with each 1/8 increase in F proportion were % kidney fat (0.15 ± .04) and subcutaneous fat thickness (0.14 ± .05). In all other aspects crosses with various proportions of F breeding produced lambs comparable in quality to those from the DLS. Table 4 . The lambs were serially slaughtered in two groups. The average slaughter age was 200 days and the average carcass weight 17 kg. The results in Table 4 
Wool production
The value of wool produced is of relatively minor importance in Finland and some of the sheep production systems in which the F has been evaluated (e.g. Western Europe and some parts of North America). However, this is certainly not the case in N.Z., Australia and S.A., where 50 % or more of the total income from a sheep enterprise can come from wool.
It is clear that the purebred F is not competitive with many other breeds of sheep in terms of either greasy (GFW) or clean fleece weight. The average GFW for F ewes in Fin-land is about 2.8 kg (39) and on average this is 30-40 % lower than other breeds against which it has been evaluated (38) . In terms of wool quality traits the purebred F has a staple length longer or comparable to other longwooled breeds, with a fibre diameter (FD) of 25-28 microns and very few medullated fibres (38, 40) . Donald and Read (17) judged the wool as semilustrous with a notably soft and silky handle. This could make it very suitable for home-spinning enterprises.
GFW from F crosses in a variety of different production systems is summarised in Table 5 from a representative sample of studies in the USA and Ireland. (49) and other references and standard breeds in Table 2 footnote. Minnesota average of 1-and 2-year fleeces; Dubois average lifetime production (1 -7 years); Oregon yearling fleece. 2 Gallivan et ul. (24) . Average lifetime production.
1 Magid et at. (37) . Average of 2-and 3-year old ewes. 4 Cochran et al. (13) . Average lifetime production. no and the F-Merino had the best spinnability. The yearns spun from the different wool lots were then woven into cavalry twill fabric.
The results, to quote the author, were:
»The finer wools (Merino and F-Merino) showed less faults and end breakages and the resulting fabrics were fuller and stronger, draping better with better crease recovery and less wrinkling. These wools had the highest relaxation and felting shrinkage. It is worthy of note that the F-Merino wool, with many physical qualities in common with Merino wool, showed less breakage while F-Merino fabric exhibited lower relaxation shrinkage and only half the felting shrinkage».
Lifetime production and longevity Concern has been expressed that highly productive, and especially highly prolific sheep such as F, may have a shorter productive life than less prolific breeds. A few studies have evaluated the F and F crosses for longevity and two of the more definitive of these are summarised in Table 7 .
In Minnesota, Boylan (6) (28) . Average ewe fleece weights.
' SoRRENSON and Scott (59) . Ewe wool production.
In the study at Dubois in the USA differences in attribution rate of ewes were accounted for by examining cumulative production in terms of cumulative weight of lamb weaned plus the cumulative wool production through seven years of age (21) . For the total monetary value of lifetime production, taking the unit value of wool to be worth 2.5 times the unit value of lamb live weight, the 1/4and 1/2 F-cross ewes surpassed the straightbreds (Rambouillet, Targhee and Columbia ewes) by 18 % and 29°7o, respectively.
Cochran et al. (13) reported that 1/2 FDorset and 1/4 F-Dorset and straightbred Dorset ewes did not differ in attrition rates for ewes exposed to up to 6 reproductive years.
Economic productivity or efficiency Hohenboken (29) discussed problems involved with economic analysis of breed evaluation in sheep and reviewed the relatively sparse array of experiments in which economic returns (gross revenue) or economic efficiency (net revenue) have been reported. Some of these studies have involved the F or F-cross ewes and are summarised in Table 8 for economic productivity (monetary value of production).
While economic productivity has been derived in different ways in different studies (Table 8), the 1/2 F ewe has consistently outproduced the local breeds or crosses by about 25 % (range 20 -40 %) and the 1/4 F ewe by about 14 % (range 9-lB %). The exception was the F x Suffolk ewe in the Oregon study which showed a marked interaction with the two different management systems imposed, with the highest production of all crosses on O'Firraii and Timon (44) . Productivity = Weight of lamb weaned per ewe mated (per 100 kg ewe body weight). Standard = Border Leicester and Cheviot crosses.
-Saoiid and Hohi nbokin (55) . Productivity = Lifetime gross income per ewe mated from lifetime lamb production (including orphans) and ewe salvage value. Wool income not included. Standard breeds are all crossbred ewes see Table 7 .
irrigated pastures and the lowest production on the hill pasture. The Irish study was actually a measure of biological productivity (lifetime weight of lamb weaned per ewe mated) since no monetary values were given. Both the Irish and the Minnesota study showed that expressing production relative to ewe body weight accentuated the productivity of the lighter F or F-cross ewes. Hohenboken (29) noted that reports in which costs as well as revenues have been considered are very rare for sheep breed evaluations. Five such studies involving F-crosses are summarised in Table 9 . The N.Z. and the Irish study both estimated economic efficiency in terms of gross margins per ewe (gross revenue from lamb and wool minus variable costs). There was a 55 % advantage over straightbred Romneys for the 1/2-F in N.Z. and a 41 % advantage of the 1/4-F over the straightbred Galway in Ireland. In the N.Z. study it was estimated that allowing additional labour costs for the F-crosses at lambing time reduced the advantage over the Romney a little to 51 % and the advantage over the Border Leicester cross (the most productive locally derived cross) from 18 % to 15 % (59).
The studies reported by Cameron et al. (9) and Owen (51) both involved synthetic breeds developed in Britain and both included about 50°7o F in their genetic composition. Economic efficiency was 11 % and 28 % greater than 4 Owi n (51). Ratio of lamb production/estimated feed intake ' Saoii) and Horn niioki n (55) . Lifetime net revenue per ewe gross revenue from lamb and ewe sales minus estimated feed and ewe purchase costs (dollars). Standard crosses defined in Table 7 .
Border Leicester-cross ewes, respectively. Neither study included wool income in their gross returns.
In the Oregon study Saoud and Hohenboken (55) found that F-crosses consistently exceeded the local crossbred ewes in net revenue with the advantage being more marked on hill pasture than irrigated pasture. However, F x Suffolk ewes generated much more net revenue on irrigated pasture than hill pasture, consistent with their gross returns on the two systems (Table 8 ). These crossbred ewes were all mated as ewe lambs on the irrigated pasture. Only the F X Suffolk ewe lambs had a positive net return for the first year of production. Wool income was not credited to net revenue in this study. The authors stated that the breed rankings for either gross or net revenue were unlikely to be altered by consideration of wool income. In an earlier report on this study, Cedillo et at. (10) analysed the first year's gross income including wool income.
They found that F x Suffolk ewes generated the highest income, whereas the Romney x Columbia ewes generated the least. The ranking for the eight crossbred groups was identical to that reported for the first year of production by Saoud and Hohenboken (55) ignoring wool income.
Analyses of the impact on the national economy of introducing new breeds have been carried out in N.Z. Sorrenson and Scott (59) carried out a cost-benefit analysis, necessarily based on a number of simplifying assumptions, to predict the national economic returns from F-crosses allowing for the costs required to import, quarantine and evaluate the new breeds and crosses. The authors estimated that the internal rate of return to the nation of this expenditure could be about 25 %. This analysis was updated by Bushnell and Hutton (8) , based upon what they considered as conservative predictions of adoption of 1/2-and 1/4-F crosses, at a time when consideration was being given to re-import the F into N.Z. An internal rate of return on public investment of over 80 % was predicted. Bushnell and Hutton (8) (14, 15) . Recombination effects as defined by Dickerson (15) are the failure of H to be retained in proportion to heterozygosity.
The cumulative advantages of crossbreeding in sheep in terms of both additive breed effects and H have been clearly identified in reviews by Nitter (45) and Clarke (11) . Both authors identified the lack of critical experiments to evaluate the possible importance of recombination effects in sheep. From somewhat sparse information available at that time, Clarke (11) concluded that the firstcross (FI) performance was a relatively poor predictor of subsequent performance in advanced generations (F2, F 3, etc) of crossbreeding programmes. If H is primarily determined by dominance effects of genes then in advanced generations of crossbreeding programmes should be retained in proportion to retained heterozygosity. If a significant part of the H results from the epistatic effect of genes then the level of H retained in advanced generations of crossbreeding cannot be easily predicted from the H estimated in the first generation (i.e. performance of the FI crosses relative to the average of the parental breeds).
Young et aI (67) reviewed 12 sheep crossbreeding experiments where H retention or recombination effects had been estimated or could be derived from the published esperimental data. The authors concluded that H in advanced crossbred generations could not be accurately predicted from initial H and retained heterozygosity. In some experiments the amount of H retained was less than expected, but in a few cases significantly more H was retained than expected. Thus, loss of parental epistatic gene combinations does not necessarily imply negative effects on all traits as often understood from the commonly used term 'recombination loss'.
Of those 12 experiments two involved Fcrosses (Minnesota and Clay Center studies in the U.S.A.) and two involved Romanov crosses (France and Spain). In general, recombination effects were small and relatively unimportant in these studies, suggesting that the development of synthetic (composite) populations or new breeds is an effective way of utilizing H and additive breed effects. For many of the reproductive traits, in both F-and Romanov-crosses, the magnitude of the additive breed effects were much larger than quite low, and sometimes negative H estimates. There were, however, some exceptions to this generalization. For example, in the Minnesota study the F 2 performances of FSuffolk and F-Targhee were usually inferior to the FI by more than expected from retained heterozygosity, but this was not true for crosses involving the Minnesota 100 breed. This does not necessarily mean that all H is lost, but that the level of initial FI, and H retained in advanced generations, must be determined by experimentation involving specific breed combinations of interest.
Given these results on H retention, it is perhaps not surprising that a number of different synthetic breeds have been developed around the world which include the F. These include the Fingalway in Ireland (25, (50, 51) and the Polypay in the U.S.A. (61) A unique method of utilising the F was used in Norway (60) . A crossbreeding experiment with the F in Norway established that the inclusion of 1/4 F in the Norwegian ewe population would lift LS by 0.20-0.25 lambs without any major effect on other production traits. H for reproductive traits and growth rate were found to be negligible. Thus, 1/2 F rams were included in the comprehensive performance and progeny test programme in Norway from 1976. The marked effect of this infusion of F ancestry on national sheep production in Norway is documented by Steine (60) , not only in terms of advantages in LS and the overall production index, but also advantages in ease of lambing, lamb viability, lambing performance at 1-year of age and lower body weights of adult ewes.
While there are many examples of successful infusion of F genes into new breeds or composite populations it does not necessarily mean that this is the only way to utilize F.
Nitter (45) pointed out the advantages of a rotational crossbreeding system, particularly when H levels are high. Similarly, Terrill (61) discussed the advantages of a continuous multi-breed non-systematic rotational crossing system versus either straightbred populations or a stratified crossbreeding system that must maintain a relatively high proportion of straightbreds.
An experimental evaluation of a rotational crossbreeding system involving Columbia or Targhee (Whiteface breeds), Hampshire and F was reported by Gallivan et al. (24) . Using breed and H estimates derived from their study, the productivity of a number of different crossbreeding systems was evaluated; three-breed terminal crosses were the most productive (i.e. terminal sire mated to a crossbred ewe). However, the authors noted that the crossbred ewes would require a substantial proportion of straightbred ewes to maintain them, which would lower the overall productivity of the system. For farms producing their own replacements it was suggested that a three-breed rotation was likely to be most productive. However, this study did not include a synthetic interbred population, which could also be very productive. It was noted that F did little to enhance productivity in this study, because of negative effects on wool and lamb growth and because the management system imposed did not allow their higher prolificacy to be expressed as more lambs weaned (i.e. lambs in excess of two per litter were not raised by the ewe).
The study by Gallivan et al (24) highlights the fact that it may be critical in many production systems to optimize the proportion of F ancestry in a population, and this is not easily done with rotational crossbreeding. It is interesting to note the approach taken in Ireland (26) . In order to minimize problems of acceptability, efforts are being taken to reduce the proportion of F ancestry required for a given level of prolificacy. One approach taken has been to apply intense selection for OR in a F line and then combine this extra-prolific F line with Galway genes from a line which has been selected for increased LS for 15 years. Work is continuing to produce and 1/8 F, 7/8 Galway sheep with a predicted gain of 0.3 to 0.4 in LS over the average Galway population presently farmed in Ireland.
Very similar logic was applied when N.Z. selected F sheep in Finland to import into N.Z. in 1984 (62) . Two distinctly different lines of F were sampled. One line had an average LS (2.6 lambs) and selection emphasis was put on growth and size. The other sample was selected solely on high LS using the comprehensive performance records available in Finland. This sample of F ewes had an average LS of 3.5, about 2 standard deviations above the population mean. The aim is to utilize this line of F to produce 1/8 F crosses in N.Z., without prejudicing wool production, growth or carcass production to any marked degree.
Husbandry considerations
The economic studies summarised in Table  9 would suggest that the F can be successfully integrated into a range of different sheep farming systems and improve economic efficiency. These studies were by no means completely comprehensive, however, in accounting for all costs of production. Some concerns commonly expressed about highly prolific and productive genotypes are about lamb survival, particularly in litters of 3 or greater; lack of information on feed intake and feed costs of individual grazing sheep; and the need for production to be assessed on a per hectare basis, especially in pastoral farming systems.
Nitter (46) Nitter used as an example the economic response per unit change of LS in the Merinoland breed in southern Germany under four different production systems and for a wide range of average LS (1.1 to 2.5). In all four production systems, ranging from intensive to extensive, the economic value of extra lambs born was high as long as the average LS did not exceed 1.5. At higher LS the economic value dropped dramatically, particularly in the most extensive system where negative economic values were obtained above an average LS of 2.1. This study appears to be very relevant to many pastoral sheep systems where easy case systems and keeping costs low are critical to profitability. However, in N.Z., for example with an average national lambing percentage of about 100°7o, there is still considerable scope to improve LS before these limiting factors start to take effect.
Some of the consequences of high flock prolificacy in an intensive grassland sheep production system in England were reported by Boaz and Tempest (5) . The system involved high herbage production, high annual stocking rates and the artificial rearing and subsequent indoor fattening of a proportion of the lambs born. Three ewe breeds of different potential prolificacy were compared i.e. Scottish Halfbred (Border Leicester male x Cheviot female), Welsh Speckleface and F-Scottish Blackface. The study also attempted to augment prolificacy by hormone treatment. This was not a success due to both poor conception rates and high lamb mortality in large LS. The authors concluded that promotion of natural high prolificacy through choice of breeds offered the best prospect of overall prolificacy. Over a five year period the lambs sold per 100 ewes mated without hormone treatment were 201 for the F-cross, 200 for the Scottish Blackface and 102 for the Welsh Speckleface. Problems identified in maintaining the highly productive genotypes included lower than planned lamb growth rates to slaughter, low lamb birth weights and reduced viability in large litters; inadequate milk yield of the ewes; maintaining high ewe liveweights at mating resulted in reduced appetite on silage in late pregnancy; and a significant negative phenotypic regression between a ewe's LS and her GFW.
Robinson (54) reviewed the nutritional requirements of the pregnant and lactating ewe and noted that while it is relatively easy to define the net requirements of nutrients for highly prolific ewes, transforming these into feeding strategies presents a considerable challenge. Robinson (54) confirmed the finding of Boaz and Tempest (5) that it is often difficult to meet the high demands for energy in late pregnancy and early lactation in highly prolific ewes. However, Robinson pointed out that mild energy deficits in late pregnancy and early lactation are still compatible with normal reproductive performance in prolific ewes, provided they are not accompanied by a specific protein deficiency.
Treacher (63) reviewed the information on the milk yield and voluntary feed intake levels of ewes suckling three or more lambs and considered ways in which the growth of multiple-born lambs may be improved in pasture systems. He concluded that improvements in prolificacy must be linked to selection or crossbreeding programmes to improve the milk production potential of prolific breeds. The high milk yield in East Friesiancross ewes in Britain was noted. Steine (60) also noted that, with increased LS in Norway through introducing F genes then milk production of the ewe became a critical factor for both lamb growth rate and lamb viability to weaning. Semen from East Friesian rams has recently been imported into Norway for this purpose (Steine, pers. comm.) .
Given the problems with triplet and higherorder LS it is interesting to note that differences in the distribution of OR among prolific breeds have been reported. Meyer (42) Hohenboken (29) suggested that there was a critical need for bioeconomic computer simulation models for sheep production to estimate more comprehensively the overall economic effects of different breeds or crosses and breeding systems and possible interactions with management systems. Owen (51) pointed out that new techniques or new sheep breeds need to be evaluated not only in terms of overall economic efficiency but also in terms of ease of management. He illustrated, as have others, that optimal LS at birth and OR vary markedly according to husbandry conditions. He also presented information on forage requirements of a number of new sheep breeds and crosses in Britain including 1/4 F and the prolific Cambridge breed.
While there are many reports of successful infusion of F into sheep populations it is important before concluding this review to note at least one instance where this was not true.
Iniguez et al. (31) reported an evaluation of the Rambouillet, Dorset and F and their FI crosses in a spring mating/autumn lambing system under good nutrition in the central valley of California. The F had a late onset of the breeding season which limited the usefulness of even 1/2-F ewes as an economically viable genotype in an autumn lambing system in California. Despite the result of this study there are other reports of the good performance of the F in accelerated lambing systems, usually under intensive management systerns (e.g. 38).
Overall, it appears that careful planning should ensure that a small percentage of F genes (1/8 to 1/2) can be fitted into most management systems (perhaps suitably modified) in temperate countries to give an increase in productivity and net income.
